Summary. Boar spermatozoa acquired resistance to cold shock immediately after exposure to 2\m=.\0mmol butylated hydroxytoluene (BHT) 1\ m=-\ 1 when Beltsville thawing solution was used as a basic diluent, as judged by motility (the proportion of motile spermatozoa) and acrosomal integrity. The concentration of BHT could be reduced to 0\ m=. \ 2 mmol 1\m=-\1 without decreasing the protective action. However, motility was altered in the presence of >0\m=.\15mmol BHT 1\ m=-\ 1. Beltsville freezing 5 (BF5) diluent was more effective than Beltsville thawing solution in protecting spermatozoa from cold shock, but addition of BHT to BF5 diluent did not affect the motility and acrosomal morphology of spermatozoa before or after cold shock. Dilution of BHT-treated spermatozoa with BF5 diluent did not restore motility and did not afford further protection against cold shock; it was detrimental to spermatozoa treated with 2 mmol BHT1\m=-\1 for > 15 min. Egg yolk or lecithin had a detrimental effect.
Introduction
The antioxidant butylated hydroxytoluene (BHT) provides protection against cold shock in some mammalian spermatozoa (Hammerstedt et al, 1976 (Hammerstedt et al, , 1978 Pursei, 1979; Watson & Anderson, 1983) , but it has been suggested that BHT is unlikely to be of benefit for the cryopreservation of spermatozoa (Pursel, 1979; Watson & Anderson, 1983) .
When boar spermatozoa were incubated at 37°C in the presence of 2 mmol BHT l"1, the pro¬ portion of progressively motile spermatozoa decreased quickly during the initial period (Bamba & Cran, 1988) . The motility-depressing property of BHT is an obstacle to its use as a cryoprotectant of spermatozoa. The present study was to find the optimum conditions of BHT treatment for the maintenance of motility and acrosomal integrity of boar spermatozoa after cold shock and to assess the use of BHT for the storage of semen at 5CC.
Materials and Methods

Semen
Fractions of ejaculate rich and poor in spermatozoa were collected separately from mature boars and cooled to room temperature (approximately 25°C) over 1 h. The concentration of spermatozoa was adjusted to 4 IO8 ml-1 before use in each experiment; the sperm-rich fraction was diluted with seminal plasma that had been prepared by centrifuging the sperm-poor fraction at 1200 g for 20 min. Sperm concentration was determined with a haemocytometer. In each experiment, replicate tests were made on ejaculates from different boars.
Treatment with BHT
Beltsville thawing solution (BTS; Pursel & Johnson, 1975) was used as a basic diluent; it consisted of 3-7 g glucose, 0-6 g sodium citrate dihydrate, 0125 g NaHC03, 0-125 g EDTA-2Na and 0075 g KC1 in 100 ml. Dibekacin sulfate (Panimycin: Meiji Seika, Tokyo) was included in BTS at 100 pg ml-1. Stock solution of butylated hydroxytoluene (BHT; Sigma) was prepared by dissolving it in absolute dimethyl sulfoxide (DMSO; Sigma, St Louis, MO, USA). Stock solution was added (2%, v/v) Acrosomal morphology. Semen was diluted 1:2 or more with BTS containing 0-4% (w/v) formaldehyde (formol BTS) at the same temperature as the sample. Cold-shocked samples were diluted with formol BTS at 5°C. At least 100 spermatozoa were examined under a phase-contrast microscope ( 750) and the proportion of normal acrosome was estimated. For transmission electron microscopy, samples were processed as described by Cran et al. (1982) .
Statistical analysis
Data were subjected to analyses of variance, and the differences between treatment means were tested by Tukey's procedure (Steel & Torrie, 1960 Pursel & Johnson, 1975) as basic diluents in cold shock treatment. BF5 consisted of 1 -2 g 7V-Tris(hydroxymethyl)methyl-2-aminomethane sulfonic acid, 0-2 g Tris(hydroxymethyl)aminomethane, 3-2 g glucose, 0-5 ml Orvus Es Paste and 20 ml egg yolk in 100 ml. Semen samples were diluted 1:1 with the basic diluents containing 40 
Results
Experiment 1
The proportion of motile spermatozoa decreased quickly during incubation at 37°C when 40 mmol BHT 1"1 was included in BTS (Table 1 ). In the presence of BHT, the pattern of sperm motility was also altered; the amplitude of flagella beat was reduced and most of the motile sperma¬ tozoa did not show forward motility. A small reduction in the proportion of normal acrosomes was also observed in the spermatozoa diluted with BTS containing BHT. No visible influence of BHT was noted in the proportion of motile spermatozoa, motility pattern or acrosomal morphology when BF5 was used as a basic diluent. BF5 diluent was more effective than BTS in protecting spermatozoa from cold shock. Addition of BHT to BTS diluent improved motility and acrosomal integrity of cold-shocked spermatozoa, whereas no visible effects of BHT were observed in BF5 diluent. Prolonged incubation at 37°C did not increase resistance to cold shock.
Experiment 2
Addition of BF5 diluent to spermatozoa that had been incubated in the absence of BHT for up to 60 min had little influence on motility and acrosomal morphology (Table 2 ). In spermatozoa incubated with BHT for longer than 15 min, highly significant decreases in the percentage of motility and normal acrosomes were observed after dilution with BF5 diluent.
Acrosomes of spermatozoa treated with BHT for 2 min ( Fig. la) were similar in appearance to those treated for 30 min (Fig. lb) . By electron microscopy, slight signs of damage in the plasma membrane were observed in spermatozoa treated with BHT for 30 min (Fig. lc, arrows) , but acro¬ somal integrity was retained in these spermatozoa. In spermatozoa treated with BHT for 2 min, acrosomal morphology was not altered by dilution with BF5 (Fig. Id) . However, acrosomal damage occurred immediately when spermatozoa were diluted after treatment with BHT for 30 min ( Fig. le and f) . The percentages of normal acrosomes in the samples shown in Fig. la (a, b, d, e) ; transmission electron microscopy, 8000 (c, f). Experiment 5 When spermatozoa were cold shocked after exposure to BHT for 10 s, the protective effect of BHT was similar at concentrations between 20 and 0-2 mmol l-1, as judged by motility (Table 5) .
For the protection of acrosomes, the effect of BHT was similar at concentrations between 20 and 01 mmol l_1. After removal of added BHT, the protective effect against cold shock was retained;
the removal of BHT (0-5-2-0 mmol l-1) resulted in a slight decrease in motility and percentage of normal acrosomes after cold shock.
Experiment 6
Significantly higher percentages of motility and normal acrosomes were observed in spermatozoa treated with 0-025-0-1 mmol BHT 1"1 than with 0 and 0-15 mmol BHT 1 (Table 6 ). (1976) deposited a thin film of BHT on a test tube wall by evaporating ethanol containing BHT; a sperm suspension was then added to the tube and mixed to permit uptake of BHT by spermatozoa. In this method, spermatozoa would take up BHT through direct contact with the film of BHT.
As shown in Expt 1, the motility of spermatozoa was reduced in the presence of 2 mmol BHT 1~] when BTS was used as a basic diluent. However, using the method of Hammerstedt et al (1976) , Pursel (1979) reported only a slight depression of motility after treatment with 01-2-0 mmol BHT I"1. Thus, it seems likely that the uptake of BHT by spermatozoa is influenced appreciably by the method of its application. Killian et al (1989) found that the concentrations of BHT that reduced the motility of bovine spermatozoa were lower in skimmed milk diluent than in whole milk diluent. Pursel (1979) (Bamba & Cran, 1985) . Diluents containing egg yolk or phosphatidylcholine (lecithin) showed similar detrimental effects, indicating that lecithin is mainly responsible for the phenomenon. However, calcium ions did not participate in the phenomenon. Prolonged exposure of boar spermatozoa to 2 mmol BHT 1~' had an adverse effect on survival and rendered the membranes susceptible to egg yolk. Snipes et al. (1975) reported that BHT acted as an antiviral agent to some lipid-containing viruses. Hammerstedt et al. (1976) found that BHT was taken up by bovine spermatozoa and caused an apparent increase in mem¬ brane fluidity; the protective action of BHT against cold shock is attributed to the increased fluidity of membranes. It is possible that the membrane structure cannot be maintained when fluidity increases beyond a certain level. Although the mechanism of the protective action of lecithin against cold shock is uncertain, the possibility of modification of membrane fluidity must be considered. When lecithin interacts with BHT-treated membranes, the membrane fluidity may immediately increase beyond a critical level, leading to membrane rupture. In the present study, boar spermatozoa acquired resistance against cold shock immediately after exposure to 2 mmol BHT l"1. Since spermatozoa exposed to 2mmol BHT l"1 for up to 1 min were not influenced by dilution with BF5 diluent, it would appear that egg yolk may not be detrimental to membranes with increased fluidity. However, treatment with BHT before dilution with BF5 did not increase resistance to cold shock.
Hammerstedt et al (1978) found that treatment of rabbit spermatozoa with 0-5 mmol BHT 1" ' had no effect on fertilizing capacity. Pursel (1979) showed that boar spermatozoa treated with 2 mmol BHT 1"l retained their fertilizing ability. On the other hand, boar spermatozoa the motility patterns of which had been altered by BHT showed extremely low fertilizing ability in vitro (K. Inoue & K. Bamba, unpublished observation). BHT treatment should therefore be carried out avoiding the alteration in motility patterns, if the aim of the treatment is storage of spermatozoa.
In Expt 5, motility patterns were not altered in the presence of <015 mmol BHT I-1, but the protective effect against cold shock was reduced.
Storage of liquid boar semen at 5°C is more convenient than at 15°C because a conventional refrigerator can be used. The temperature of the semen can be easily maintained at 5°C by using iced water during transport. However, boar semen is usually stored at temperatures between 15 and 20°C using diluents such as BTS. The result of Expt 6 demonstrated that motility and acrosomal integrity were well maintained during storage for 6 days at 5°C when spermatozoa were treated with 0-05-0-1 mmol BHT 1 before storage. The optimum concentrations of BHT for storage at 5°C were lower than for protection from cold shock; the decrease in protective action against cold shock might be compensated for by slow cooling. It is therefore thought that a slight increase in membrane fluidity, which is insufficient for the protection from cold shock, is satisfactory for the maintenance of membrane functions during storage at 5°C.
According to Kampschmidt et al. (1953) , egg yolk has two main benefits: as a protective factor that allows protection from cold stresses and allowing the maintenance of viability during storage. The results of this study indicate that BHT could be substituted for at least the protective factor. It is possible that BHT contributes, in part, to the protection of spermatozoa during prolonged storage at 5°C through its antioxidizing action. Although the mechanism by which BHT protects spermatozoa from cold stress has not been fully elucidated, the present study provided evidence that BHT can be used as a cryoprotectant of boar semen. However, further studies are required to establish a practical technique for the storage of boar semen at 5°C by the use of BHT and to compare the use of this storage method with conventional methods (storage at 15-20°C).
Killian et al (1989) showed that in freezing bull semen, the addition of BHT to milk diluent resulted in higher motility after thawing. However, Pursel (1979) suggested that the use of BHT for freezing of boar semen was not promising. The present study showed the possibility that diluents containing egg yolk exert detrimental effects on BHT-treated spermatozoa. On the other hand, spermatozoa of poultry are highly resistant to cold shock and can be successfully frozen by the use of diluent free from egg yolk (Lake & Stewart, 1978) . Thus, it is worthwhile testing the suitability of diluents free from egg yolk for freezing BHT-treated boar spermatozoa.
